ABSTRACT: Control, elimination, and eradication of malaria is one of the world's greatest public health challenges, especially in Sub-Saharan Africa. While there has been an impressive gain in malaria control with decreased mortality rate over the years, eradication and elimination seem to be elusive in Sub-Saharan Africa. Control and elimination of malarial parasites was previously achieved in Europe and America using insecticides and manipulation of environmental and ecological characteristics. The emergence of drug-resistant parasites coupled with environments that support the breeding of mosquito vector and the need for caution with insecticides, such as dichlorodiphenyltrichloroethane, has slowed down control efforts, making elimination and eradication an uphill task in Sub-Saharan Africa. The expectation of producing an effective vaccine has been on for .40 years, but the recent breakthrough announcement of a malaria vaccine showing some level of protection among infants and children 3-4 years post vaccination seems like an excellent starting point. The globally accepted strategy for the control of malaria rely on chemotherapy, but unfortunately the overreliance on chemotherapy without proper control of drug usage and diagnosis has encouraged the selection of drug-resistant parasites, significantly contributing to the problem. Therefore, the prospects of malaria eradication rest heavily on integrated approaches that would include chemotherapy, vector control, manipulation of environmental and ecological characteristics, and vaccination. This article reviews the current state of malaria control and elimination and the need for an multistrategic integrated approach in order to achieve malaria eradication if the challenges faced by elimination are addressed.
Introduction
Malaria is an ancient disease, still prevalent in many tropical countries of the world, accounting for ~250 million clinical cases and ~1 million deaths each year, the majority of which occur in children younger than 5 years and in pregnant women. 1, 2 Alongside the significant morbidity and mortality are socioeconomic burdens, health inequities, and drain on human resources and productivity, interrupting educational training and causing persistent economic disadvantages thereby. 2, 3 Plasmodium falciparum and Plasmodium vivax account for the vast majority (.90%) of human malarial infections worldwide, in addition Plasmodium ovale, Plasmodium malariae and the recently included Plasmodium knowlesi 4 are also implicated. It can be transmitted from one human to another by infected female anopheline mosquitoes during a blood meal and simultaneous injection with sporozoites, the infective stage for the parasite. The uniqueness of malaria as a disease is derived from the complexity of its life cycle, involving humans and mosquitoes, and the structural and genetic changes between hepatocytes, red blood cells, and stages within the mosquitoes. 5, 6 The duration of the Plasmodium developmental stage in the mosquito can vary substantially, depending on the parasite species and environmental conditions. 7 The complexity of the life cycle is a major challenge to malaria control efforts. In the last 10 years, there has been renewed efforts to increase funding in order to achieve global malaria eradication. 2 The increased funding coupled with strong political will has led to an increased coverage of malaria control programs and a reduction in disease and deaths in several Sub-Saharan African and tropical countries. The introduction of the Roll Back Malaria (RBM) partnership and the launching of its Global Malaria Action Plan have brought about reduced morbidity and mortality of malaria by reaching universal coverage and strengthening health systems. In a departure from the previous efforts at malaria eradication, current strategies demand an integrated approach and multistage interventions. In this review, we will examine the current status of malaria control strategies, propose strategies for future eradication and elimination, and point out gaps in the current methods that would need revamping for ultimate progress and total eradication.
Current Status of Malaria Control, Eradication, and Elimination
The World Health Organization (WHO) in the 1950s under the auspices Global Malaria Eradication Program attempted malaria eradication in endemic areas, with Africa surprisingly excluded, in spite of the huge disease burden within the continent. 8 In the past few years, African countries, such as Tanzania, Sao Tome and Principe, Eritrea, and Rwanda, where malaria is endemic, have provided high-risk populations with effective mosquito control intervention and access to artemisinin-based combination therapies (ACTs). [9] [10] [11] Additionally, small elimination campaigns utilizing frequent insecticide spraying in houses and rounds of mass treatment were undertaken in Nigeria, under the auspices of the Garki project 12 and on the Kenyan/Tanzanian border, termed the Pare-Taveta project. 8, 13 These projects entailed the combination of frequent insecticide spraying in houses to reduce vector populations and mass treatment to reduce the human infectious reservoir. The report from these projects showed a significant decline in the incidence of infection and disease, but long-term result shows that control measures were not sufficient to eliminate the parasite. Failure to sustain these programs inevitably led to infection rebound in later years. 8 These projects revealed the possibility of technically reducing the transmission of malaria and moving on to elimination, but the operational and financial resources needed for sustainability are not available in Sub-Saharan Africa, where the biggest challenge to malaria currently occurs.
The efforts at controlling malaria in the past 15 years have yielded some positive results with mortality rates decreasing by an impressive 47% between 2000 and 2013 globally and by 54% in the WHO African Region. 14 16 The WHO Eastern Mediterranean and European region countries also approached malaria elimination in the 1990s, 15 starting with individual countries and later extending to neighboring countries. Five African countries launched a subregional malaria elimination program in 1997, and by the year 2006, just a single case of locally acquired malarial infection was recorded in Algeria. 15 Not too long afterward in the Arabian Peninsula, the United Arab Emirates was certified malaria free by the WHO in 2007. 17 In Oman, only four cases of malaria were reported in 2007, while in Iraq, only two cases of local transmission were reported in 2007. Other endemic areas in this region, such as Sudan, Afghanistan, and Yemen, also recorded ~40% reduction in the reported cases of malaria with estimated cases declining from 15 to 10.5 million between the years 2000 and 2006. 15 The WHO European region recorded a sharp drop in the reported malaria cases, from 90,000 to ,1000 cases between 1992 and 2007, and in 2005, the region adopted a joint strategy of malaria elimination. 15, 18 In Central and South America, the past years have witnessed a decline in the incidence and mortality of malaria in 15 of the 21 malaria-endemic countries in the region, including a reduction in the absolute number of cases in all countries except Peru and Colombia. 19 In the WHO Western Pacific and Southeast Asia regions, reported malaria cases and mortality have declined steadily over the past decade with the exception of Myanmar, Papua New Guinea, and Solomon Islands. 20 Sub-Saharan Africa poses the biggest challenge to global eradication initiative of malaria, given the high prevalence and intensity of P. falciparum transmission across most of the continent. This transmission pattern is further complicated by local variation in the major Anopheles vector populations that sustain transmission (principally Anopheles gambiae s.l. and Anopheles funestus), although ~70 relevant species have been identified worldwide. 21 Additionally, biological and socioeconomic features in many tropical countries have contributed, in no small measure, to frustrate control and elimination programs, preventing implementation of disease control over broad spatial and temporal scales. 22 Most of the Sub-Saharan African countries are currently in the control stage based on WHO/RBM classification and, therefore, need to scale-up intervention to sustain the control efforts and reduce the disease burden. 23 Infection prevalence in children aged 2-10 years has been reduced by about half since the year 2000, with about a third of this decline occurring after the year 2005. 24 This decline was largely attributed to the patterns of increasing coverage of insecticide-treated nets (ITNs), which were viewed as the most important intervention followed by ACTs and indoor residual spraying (IRS) in that order across Africa.
24

Strategies for Malaria Control, Eradication, and Elimination
The discussion on the control and possible eradication of malaria is always an important agenda in international health forum. 25, 26 Malaria eradication is a worthwhile goal that has been vigorously pursued, and the malaria community is currently more equipped to make an appreciable progress toward the actualization of this goal. With increasing research capabilities, the global malaria research community seemed well positioned to innovatively think about the tools, strategies, and implementation of programs that would be required to achieve effective control and eradication.
Research activities for malaria control have focused on the development of new drugs and vaccines with decreasing emphasis on vector control and creating a cleaner environment that would disrupt the breeding of the mosquito vector. Unfortunately, parasite resistance to available antimalarials is spreading and has rendered treatment increasingly difficult in endemic areas. [27] [28] [29] [30] Chloroquine was referred to as a wonder drug when it was introduced .50 years ago, and it was the cornerstone of antimalarial treatment for many years in Africa. 31 It was cheap, with very low toxicity, effective against all forms of malaria, relatively easy to manufacture, chemically stable, and readily stored and transported, even under extreme climatic conditions, 27 attributes, which none of the currently available antimalarials possess. 28, 32 The emergence and spread of chloroquine-resistant P. falciparum in Sub-Saharan Africa led to one of the greatest public health challenges, 27, 28 prompting the use of sulfadoxine-pyrimethamine (SP) and many other alternative antimalarials. However, resistance to SP and the other antimalarials developed rapidly a few years after their introduction, 33 with SP currently recommended only for intermittent preventive therapy in pregnancy (IPTp). 34 IPTp-SP is effective at preventing maternal anemia and low birth weight in areas where P. falciparum is susceptible to SP, 35, 36 but the success of the intervention is threatened in many communities in Africa where resistance of P. falciparum to SP has been reported. 37, 38 Following the WHO guideline for the treatment of uncomplicated malaria, ACTs were adopted in all malaria-endemic areas where resistance has been reported to chloroquine and other antimalarials. Adoption of ACTs reportedly led to a large reduction in confirmed malaria cases and contributed to the reduction in all mortality among children younger than 5 years of age. 39, 40 Concerted effort is needed to protect ACTs so that it can enjoy a longer use as an effective antimalarial. Proper education of clinicians and the general populace in malaria-endemic areas on the need not to use ACTs for presumptive treatment of malaria is imperative and urgently needed. Exposure of malarial parasites to subtherapeutic levels of antimalarial drugs will only kill sensitive parasites but allow those with resistant mutations to survive and reproduce. 41 Diagnostic confirmation, using any of the WHO-approved rapid kits and microscopy where possible, before commencement of ACT treatment should be urgently pursued. 42 Along with drug development, huge resources have been spent toward producing a malaria vaccine. The complexity of a parasite's life cycle have severely hampered vaccine development strategies since an immune response targeting one stage may not offer protection against a later stage. 43, 44 Significant progress has been made in the last few years and this is yielding the first generation of GlaxoSmithKline (GSK) malaria candidate vaccines, RTS,S/AS01 (Mosquirix™), which got the approval of the Committee for Medicinal Products for Human Use of the European Medicines Agency in July 2015. Phase 3 trial data showed that the vaccine only reduced episodes of malaria in babies aged 6-12 weeks by 27% and by ~36% among children aged 5-17 months. 45 This observation has left some researchers uncomfortable considering the complexities and potential effects of using this vaccine when it only provides partial protection, making it less attractive and more risky. 46, 47 Nonetheless, the WHO has thrown its weight behind the vaccine, and is currently reviewing when and where it could be used or deployed.
Vector control is another essential tool that has been shown to reduce malaria transmission, 48 which unfortunately has not received as much attention and funding as drug discovery and vaccine production, until recently. Vector control strategies include the following preventive interventions: IRS, ITNs, and outdoor spraying with dichlorodiphenyltrichloroethane. 49 In response to the Millennium Development Goals of infectious disease eradication, there has been a rapid scale-up of ITNs, including long-lasting insecticide-treated nets (LLINs). IRS has had a long and distinguished history in malaria control, and continues to be used in many parts of the world. 49 It uses wettable powders recommended by the WHO, including malathion, fenitrothion, pirimiphos-methyl, bendiocarb, propoxur, alpha-cypermethrin, cyfluthrin, deltamethrin, etofenprox, and lambda-cyhalothrin. 50, 51 These insecticides are normally sprayed between once and thrice a year, and the timing of spraying depends on the type of insecticide and transmission season. IRS works by repelling mosquitoes from entering houses and by killing female mosquitoes that are resting inside houses, after a blood meal. The introduction of IRS has reportedly led to the spectacular reduction of malaria in South Africa, Swaziland, Namibia, Zimbabwe, and Mozambique, and it continues to protect .13 million people. 52, 53 Changes in disease prevalence largely followed patterns of increasing ITN and LLIN coverage, and this appears to be the most important intervention across Africa, accounting for an estimated 68% (range 62%-72%) decline in P. falciparum rate recorded in 2015. 24 Malaria deaths are declining with the massive scaling up of control measures, of which ITNs are a major component reducing deaths in children and providing personal protection to the user. 54 The LLINs have increased killing effects on the vectors compared with traditional ITNs and are more durable and effective for at least 3 years, even after repeated washing. 49 Both ITNs and LLIN are simple to use, easy to deliver to rural communities, and cost-effective when used in highly endemic malarious areas. 55 Pyrethroids are the only class of insecticide currently used for ITNs and it has a repellent effect, by preventing entry of mosquitoes into houses as well as disrupting blood feeding and premature exit of mosquitoes from the home. 49 The emergence and spread of insecticide resistance threatens the effectiveness of ITNs and indoor residual house spraying. Currently, pyrethroid resistance in Anopheles vectors has been reported in 27 countries in Sub-Saharan Africa. 56 Unlike IRS with many classes of insecticides, ITNs are especially vulnerable to insecticide resistance, because there are no readily available approved alternative insecticides to pyrethroids. 49, 50 It is clear that the control, elimination, and eradication of malaria cannot be achieved with a single approach or strategy. However, chemotherapy and vaccine development efforts receiving more funding and attention at the expense of vector control strategies is an indication that the expected control and elimination scenario may not be achieved soon. The fact that vector control has been successfully used to eliminate malaria in Europe, Asia, and some African countries in the past renders this an important strategy worthy of renewed attention and funding than what has been presently obtained. This goal of malaria eradication cannot be achieved without a sustained commitment that would include integrated multilayer strategies.
Conclusion
The success of malaria elimination in some countries is an indication that eradication is possible. The current potential barrier to malaria elimination lies within uncertainties concerning the durability of funding, the reported cases of resistance to artemisinin, and the detection of pyrethroid resistance in a number of populations of malaria vectors. Malaria still remains an enormous burden of global proportions, and its eradication or elimination at the present resembles an ambitious goal. Although the tools needed for malaria control are much improved, alongside the excitement of the possibility of first licensed malaria vaccine, there is an imperative to maintain continued progress, which demands more commitment from government and nationals of endemic countries, global partners, and donors. Research into new medications, insecticides, and vaccines would still be required to achieve the eventual goal of eradication and elimination. The malaria research community and organizations saddled with the goal of malaria eradication and elimination should be satisfied with the achievements recorded till date. While there is a need to manage these achievements cautiously, we move forward with confidence supported by renewed political will, improved scientific tools for control, elimination, and eradication, and the assurance that a new day is on the horizon.
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